The electronic and ionic transports in 32-56 nm thick anodic aluminum oxide films are investigated before and after a 1-h anneal at 200-400 C in argon. Results are correlated to their defect density as measured by the Mott-Schottky technique. Solid state measurements show that electronic conduction upon annealing is hindered by an increase in the Schottky emission barrier, induced by a reduction in dopant density. Using an electrochemical contact, the films fail rapidly under cathodic polarization, unless defect density is decreased down to 10 17 cm À3 , resulting in a three order of magnitude reduction in current and no visible gas evolution. Under anodic polarization, the decrease in defect density delays the onset of ionic conduction as well as further oxide growth and failure. Insulating dielectric layers are used in a number of solid state electronic applications such as resistive memories, 1 gate dielectrics and capacitors, 2 as well as in microfluidic systems that implement fluid motion and delivery, or electrowetting-on-dielectric. 3 All these applications require strict control of the dielectric structure and composition to avoid leakage currents and, thus, maintain high performance and reliability. Oxide layers of valve metals can be easily formed through electrochemical oxidation (anodization) by applying an anodic voltage to a metal precursor film immersed in a suitable electrolyte. 4, 5 This process occurs via combined electric field-induced migration of metal, oxygen, and ionic electrolyte species 6, 7 and yields amorphous oxides with dielectric constants close to those of the corresponding crystalline oxides. Point defects generated in metal oxides during anodization have been investigated mainly in alumina films, where oxygen vacancies and corresponding color centers 8 are responsible for n-type doping at the metal/oxide interface, while metal ion vacancies result in p-type doping at the oxide/electrolyte interface. The oxide film can therefore be modeled as a p-i-n junction; 9,10 defect states responsible for doping could be removed, however, by annealing at temperatures in the 300-450 C range, 9,11 which enables annihilation of trap sites 11 or possibly desorption of water or electrolyte species. 12, 13 Understanding and control of defect sites in oxides may, therefore, enable tailoring of their dielectric properties. In this Letter, we quantify the defect density of anodic alumina films as a function of annealing temperature, and demonstrate a striking improvement of their dielectric performance in both the solid state and in the oxide/electrolyte configurations upon annealing.
Aluminum films (100 nm thick) evaporated on the native oxide of Si wafers were anodized in a 99.8% ethylene glycol solution containing 30 wt.% ammonium pentaborate (NH 4 B 5 O 8 ), using a two electrode electrochemical cell in a vertical orientation with a platinum mesh counter electrode. Varying anodization voltage, films with thicknesses of 32, 44, and 56 nm could be obtained. As-anodized films were thermally annealed in an Argon atmosphere for 1 h at 200 C, 300 C, or 400 C, using a rapid thermal annealer (AnnealSYS, France). Defect density was determined via capacitance measurements, using the Mott-Schottky (MS) equation (Eq. (1)) to determine the dopant density N.
In Eq. (1), C is the capacitance, e is the film dielectric constant, e 0 the permittivity of free space, e is the elementary charge, U the applied potential, U fb the flat band potential, k the Boltzmann constant, and T is the absolute temperature. The measurements were performed in pH 9.2 borate buffer solution (0.075M Na 2 B 4 O 7 -10 H 2 O and 0.05M H 3 BO 3 ) at room temperature with a Mercury/Mercurous Sulfate reference electrode (MSE, 0V MSE ¼ 0.65V SHE ) at a frequency of 1 kHz in the potential range of 0-2V MSE using a Biologic SP-150 potentiostat (Grenoble, France). The current-voltage (I-V) characteristics of oxide films was measured in two distinct configurations: electrolyte/oxide/metal (EOM) and metal/oxide/metal (MOM), using gold plated probe needles connected to a HP 4145b semiconductor property analyzer using a sweeping rate of 0.1 V/s at 0.1 V intervals. The top contact in the EOM configuration was a 1.5 ll droplet of a 0.05 M sodium sulfate solution on the oxide surface; the MOM configuration used an aluminum electrode (0.08 mm 2 area, 100 nm thick) on the oxide surface. n-type doping and the negative slope evidencing p-type doping. By scanning the potential to more positive values, depletion is first induced at the O/E interface, and successively at the M/O interface, allowing the examination of both doped regions in the same measurement; the intersection of the two linear regions yields an estimate of U fb . Analogously, Hakiki et al., performed M-S measurements of passive films on stainless steels and observed two distinct linear regions, which they interpreted as an outer p-type Cr 2 O 3 layer and an inner n-type Fe 2 O 3 film. 16 The slope of each linear region was used to calculate the dopant density through Eq. (1). M-S plots for the 44 and 56 nm thick samples are available in the supplemental information (See Figs. S1 and S2, respectively, in supplementary material 17 ).
The as-anodized film shows a much larger slope for the n-type region, indicating a lower doping concentration. After annealing, the slope of both n-and p-type regions increases, more significantly for the latter; similar results are observed at different oxide thicknesses. The slope of the n-type region is larger but tends to approach that of the p-type region with increasing annealing temperatures. Figure 2 
19 cm À3 for the donors and 10 17 -10 20 cm À3 for the acceptors. The measured defect concentration is reduced with increasing annealing temperature; furthermore, thinner films exhibit a stronger variation in doping level; in contrast, the thicker oxide films (56 nm) show minimal changes. The acceptor density varies gradually with annealing temperature, while the variation of donor density with temperature is more irregular. As a consequence, reasonable Arrhenius plots could only be obtained for the acceptor density, resulting in estimated defect energies of 0.28 eV for both 32 nm and 44 nm thick films. As will be shown later, the largest reduction in dopant concentration corresponds with the most significant changes in the films conductivity.
In our previous study, 18 electronic conduction phenomena in anodic alumina have been attributed to Schottky Emission (SE) or Fowler-Nordheim tunneling of dopants, resulting from a reduced barrier to charge carrier injection, along with Poole-Frenkel emission in thicker films. Conduction processes shows a distinct polarity dependence, both in the MOM and EOM configurations, with the latter exhibiting a striking asymmetry. Anodic polarization of the oxide in the EOM configuration results in a wide potential range of stability, where first electronic then ionic conduction occur; 18, 19 in contrast, film failure occurs quickly under cathodic polarization, a process ascribed to hydrogen reduction at the oxide surface. 20 The reduction in dopant density upon annealing should minimize image charge effects, increase the barrier to carrier injection, and enhance dielectric behavior as well as stability. Figure 3 shows the measured MOM I-V curve in 32 nm thick films. Upon a 200 C annealing, the current density decreases, but the slope of the I-V curve between 2 and 11 V is unchanged, suggesting the same conduction mechanism. SE conduction is described by the Schottky-Richardson equation 
where j is the current density, A is the Richardson constant, / is the total barrier to thermionic emission, b is the Schottky field lowering coefficient, E is the electric field. Fitting the slope of the as-anodized and 200 C annealed films yields a dielectric constant ranging from 8.8-10.2, comparable with a value of 9 for the bulk Al oxide. u could be estimated from the intercept of this slope at E ¼ 0, yielding a value of 0.137 eV for the as-anodized film and 0.194 eV for the annealed one; this behavior is consistent with the observed decrease in dopant density. Annealing at higher temperatures yields flat I-V characteristics, which could be explained either through a large enhancement in the energy barrier or by an increase in the effective dielectric constant, both effects being clearly linked to a decrease in dopant concentration.
In the EOM configuration and under anodic bias, the 32 nm oxide shows initial electronic conduction, transitioning to ionic conductivity at 24-25 V when the applied potential becomes larger than the anodization value, as shown in Fig. 4 . Above 30V, an exponential increase in current is observed and simultaneously gas evolution starts to occur, as evidenced by the increased noise in the current trace along with visible bubble formation. After annealing, the oxide exhibits a maximum in current corresponding to the onset potential of ionic conduction. The decrease in current followed by the plateau before the successive exponential increase has been attributed to atomic rearrangement and local structural ordering due to the onset of ionic diffusion in the amorphous oxide, increasing the density and thus hindering ionic transport. [21] [22] [23] The change in I-V characteristics with annealing temperature mirrors the trend in dopant density vs. temperature, with a major change occurring between 200 and 300 C, and little change being observed between 300 and 400 C. A similar behavior is observed in thicker films.
Under cathodic polarization, hydrogen evolution may occur at low applied voltage due to electrons drifting towards the oxide surface. The highly resistive oxide film should kinetically hinder the onset of the electrochemical reaction, but the local increase in pH following hydrogen evolution may lead to pitting, 24, 25 resulting in electrochemically enhanced oxide breakdown. It has been observed in thin alumina films that failure is weakly dependent on thickness and starts occurring in the ms time scale. 20 Figure 5 shows the effect of annealing on cathodic I-V characteristics for the 32 and 44 nm thick films. The 32 nm film (Fig. 5(a) ) shows rapid failure for both the as-anodized and 200 C annealed samples, while annealing at higher temperature leads to a three orders of magnitude reduction in saturation current, without any visible gas evolution. The 44 nm sample (Fig. 5(b) ) shows a gradually decreasing current with higher annealing temperature until at 400 C no gas evolution is observed. The trend of these I-V characteristics shows a strong relationship to the dopant density as shown in Fig. 2 : visible gas evolution is eliminated only when a critical reduction in dopant concentration is measured, with both acceptors and donors nearing 10 17 cm
À3
. The 56 nm films exhibit negligible changes in dopant concentration across annealing conditions and correspondingly show negligible variation in I-V characteristics (See Fig. S3 in supplementary material   17 ). The resistance against cathodic breakdown improves significantly at a defect concentration of 10 17 cm
; this is probably related to the decrease in electrode carrier injection caused by the increase in barrier height, as observed in MOM measurements (Fig. 3) . The total barrier height (/) is initially reduced due to image forces, which are prominent at high doping levels (See Fig.  S4 in supplementary material   17 ), 26 but become negligible at a defect concentration of 10 17 cm
, where the barrier height reduction is only $0.02 V. The observed cathodic breakdown in aluminum oxides is clearly linked to oxygen vacancy concentrations as the primary defect enabling electron transport, hydrogen reduction and gas evolution.
In summary, dielectric properties and failure upon high field electronic transport in anodized aluminum oxide depend critically on the density of point defects in the asgrown film. With increasing annealing temperature, the defect density as measured by impedance methods is reduced, leading to corresponding changes in the films I-V characteristics. In the solid-state, the leakage current mechanism changes from electrode injection, i.e., Schottky Emission, to a leakage current plateau as a result of an increasing barrier height. In an EOM configuration under cathodic polarization, the rapid layer failure is mitigated when the measured defect concentration is reduced down to $10 17 cm À3 due to the higher injection barrier and therefore, higher resistance of the interfacial charge transfer reaction. Under anodic polarization, the films show electronic conduction behavior until the applied voltage exceeds the initial anodization voltage and an ionic current starts to flow; annealing in this case shifts the onset of ionic conduction to higher voltages and delays the exponential current increase.
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